Coastal zones are vital for their ecosystem services and socioeconomic value. Accordingly, several zones have been protected to limit anthropogenic development and to avoid environmental degradation. Nevertheless, some of these protected areas keep deteriorating probably related with anthropogenic contributions not considered in legislation. Specifically, submerged groundwater discharges (springs) could be releasing anthropogenic materials carried from remote inland areas to the coast. Here we evaluate the role and temporal variation of submerged groundwater discharges as sources of anthropogenic materials using the 5 -stanol C 27 markers in the natural protected area of Dzilam de Bravo, Yucatán, Mexico. Results demonstrate that (1) submerged groundwater discharge flux velocity and direction vary between hydrological season, exhibiting higher flow rates in Nortes season contrary to dry season and (2) the presence of coprostanol and epicoprostanol (anthropogenic fecal matter markers) in sediments surrounding the submerged groundwater discharges provides proof of allochthonous anthropogenic fecal material in a protected area, probably from remote inland sites. Thus, it is vitally important that inland anthropogenic materials transported in groundwater and released in the coastal environment by submerged groundwater discharges be considered in protection plans, like protection perimeters, for coastal zones.
Introduction
Continental water in the Yucatán Peninsula (YP) is entirely subterranean because it is a carbonated karstic aquifer. Importantly, groundwater flows preferentially from south to north through pores, fissures, and fractures. One of the main families of fractures is located into the ring of cenotes (sinkholes), where the groundwater flows preferentially, but not uniquely, from the center of the peninsula towards the northeast and northwest coasts [1] . In the northwest coast, specifically in Dzilam de Bravo (DB), submerged springs are widely distributed throughout the zone [2, 3] . These springs formed by karstification allow the mix of groundwater and seawater, producing estuarine conditions in a coastal marine area. Submerged groundwater discharges (SGD) could be punctual through an opening in the marine soil or diffuse trough the sediments [4] .
Springs with significant volumes of water could be indicating a more hierarchical aquifer with large karstic conduits for this area. Within these springs, high concentrations of dissolved inorganic nutrients have been reported [5] . Therefore, it has been hypothesized that these springs may also be releasing anthropogenic materials from inland activities into the coastal environment [6] [7] [8] .
According to Polemio and Limoni [9] , quality and quantity of SGD produce different effects: (a) increase or decrease the seawater intrusion withdraws (seaward) or advances (inland), respectively; (b) affect the chemical characteristics 2 Geofluids of coastal surface waters with complex ecological effects; (c) groundwater can transport pollutants and nutrients modifying the budget of carbon, nitrogen, and phosphorus, causing eutrophication and algal blooms or affecting benthic habitats.
Sterols and stanols are classically used as molecular markers to characterize the sources of natural organic matter (e.g., marine and terrigenous) [10, 11] and to identify anthropogenic inputs (e.g., fecal material related to human activities) [12] [13] [14] . Due to their ubiquity and diagenetic and chemical stability, these compounds have been widely used as tracers for the sources, transport, and transformation of biogenetic material [15, 16] in coastal zones [11, 17, 18] . Specifically, sterols and stanols have also been used in karstic coasts to show submarine groundwater discharges inputs in a sensible ecosystem [6-8, 13-17, 19, 20] .
Cholesterol is the predominate sterol produced by invertebrates and marine zooplankton, whereas phytoplankton and algae can synthesize a wide array of sterols, including large amounts of phytosterols [10, 21, 22] . The most common phytosterols are campesterol, stigmasterol, and -sitosterol, which come from decomposed vegetation [10, 23] , as well as dinosterol, which is specifically produced by dinoflagellates [24] . Contributions from anthropogenic fecal sources can be characterized via the occurrence of the 5 -stanol C 27 (e.g., coprostanol and epicoprostanol) compounds [11] [12] [13] [14] 25] that are byproducts of intestinal anaerobic microbial reduction of cholesterol in higher animals [12] .
This study focuses on identifying spatial and temporal variations on the distribution of sterols and stanols in the zone of springs in Dzilam de Bravo, specifically around the spring known locally as the X'Buya-Ha ("the whirlpool"). This spring is the largest and most important source of groundwater to the coastal zone [26] . The analysis of sterols and stanols in this zone was used to show the probable role of springs in the release of allochthonous organic and fecal material into protected coastal zones with low development degree. Enriquez et al. [27] reported that, in Nortes season in the Yucatán Shelf, subtidal variability of circulation is dominantly forced by local surface momentum fluxes (wind stress), increasing turbidity due to fine sediments resuspension. Therefore, each Nortes season surface sedimentary column could be redefined depending on the wind intensity.
Materials and Methods
The zone influenced by coast springs is located 6 km to the east of the port of Dzilam de Bravo. This area contains X'Buya-Ha, the largest submerged spring in the region. Water discharge flow rates from this spring may be as high as 2 m 3 s −1 during the rainy season. Studies have demonstrated that this particular spring is responsible for the largest contribution of groundwater and nutrients along the coast [26] . Regarding groundwater regional flux, the hydrological conceptual model of this system states that the main regional flow goes from the southern to the northern part of the state [6] , although in the ring of cenotes, which is a semicircular accumulation of sinkholes, water transport preferentially goes from the center of the state to the eastern and western coastal areas [1, 28] . Hydraulic gradient of the aquifer has been reported to be 7 mm Km −1 ; therefore for inland groundwater to reach the coastal area it could take from weeks to months [29] . Then, to detect SGD promoted environmental changes in the coast, it would be recommendable to monitor them weeks or months after the rainy season.
Legislation protects Dzilam de Bravo since it is located at the North Coast State Swamp and Mangrove Reserve of the state of Yucatán. Therefore, in theory, the reserve is protected from in-site anthropogenic wastewater and protection perimeters [30] are established, but inflows of polluted groundwater to the coastal area are not considered. Then, the highly complex nature of the region's hydrogeological system and the susceptibility of groundwater to contamination due to the karstic rock need to be explored and studied for a better diagnosis of the situation. (Figure 1) . Each transect measured 5 m in length and sediments were collected at 1 m, 3 m, and 5 m along it (3 samples per transect). Immediately after collection, the sediment samples were stored at 4 ∘ C in a closed icebox and transported to the laboratory for analysis. Then, sediments were freeze-dried for 3 days and finally sieved to obtain the <0.500 mm fraction (fine grain (FG)) that was used for extraction and steroid analysis.
X'Buya-Ha Spring Velocity and Flow
Rate. The spring's discharge flow velocity rates (m 3 s −1 ) were measured in Nortes and dry seasons, using a Nortek Vector Velocimeter. The three components of velocity ( , , and ) were measured at specific points (15 cm from the transect). The equipment was programed to make continuous measurements at 1 Hz for a period of 24 hours from 12 December 2012 to 22 May 2013. The nominal interval of velocity was fixed at 4 m s −1 to ensure that velocity measurements did not surpass this maximum value. Since spring flux behavior is multidirectional, flux analysis was performed using a 3-coordinate function plus time [4] = ( , , ) with the following formula:
The resultant magnitude was related to the spring diameter to obtain the flux (m s 
Total Carbon, Total Nitrogen, Total Phosphate, Organic
Matter, and Carbonates in Sediments. Total carbon (TC) and total nitrogen (TN) were determined via gas chromatography, using an elemental autoanalyzer (Flash EA-1112 series model). Total phosphorous (TP) analysis was performed via the following method. First, the sample was prepared by calcination at 550 ∘ C, followed by agitation with HCl mol L −1 , and finally filtered. Then, TP was determined using spectrophotometric adsorption at an optical wavelength of 885 nm [31] . Organic matter (OM) was analyzed via calcination and measurement of weight loss at 550 and 950 ∘ C [32] . Carbonates were determined by CO 2 generation following Loring and Rantala [33] .
Sterols and Stanols Analysis.
Extraction and fractionation were performed following the methods previously described [7, 16] . Extraction was performed using a ColePalmer Ultrasonic Processor, 500 and 750 W, Model CV.
Briefly, 2 g of freeze-dried sediment (e.g., spiked with deuterated cholesterol (cholesterol-2,2,3,4,4,6-d 6 ) standard in DCM (dichloromethane, Sigma-Aldrich, 99.8%) (2 g) as recovery standard) was placed in a 40 mL glass tube and ultrasonically extracted consecutively with 30 mL of methanol (SigmaAldrich, 99.9%), a mix MeOH/DCM (1 : 1, v : v), and DCM. Extractions were performed with 40% of the sonicator amplitude during 7 min, with 1 min switch-on and 2 min switch-off for each solvent. Then, the suspension was filtered through a glass filter (Whatman GF/C, 1.2 m) and then concentrated using a rotary evaporator (i.e., 60 ∘ C, 337 mbar). The combined extract was redissolved in a fixed volume of hexane before the fractionation into three fractions (aliphatic, aromatic, and polar) on silica column. The polar fractions of each sample, containing the sterol and stanol compounds, were finally concentrated using a gentle flux of N 2 gas.
Internal standard (5 -cholestane, Sigma-Aldrich) was added to the samples and then the sample was derivatized with N,O-Bis(trimethylsilyl) trifluoroacetamide with trimethylchlorosilane (Sigma-Aldrich, 99% BSTFA + 1% TMCS). Derivatization was performed at 70 ∘ C for 30 minutes. Sterols and stanols were measured using a gas chromatograph coupled with a mass spectrophotometer (Agilent MSD 5975B VL with Series 7683B automatic injector). Injection was carried out in split-less mode at 290 ∘ C. A Zebron ZB5MSi silica capillary column (Phenomenex; 30 m, 0.25 mm i.d., film thickness: 0.25 m) was used for the separation with the following temperature program: initial temperature was set at 150 ∘ C for one minute before increasing at a rate of 20 ∘ C min −1 to 250 ∘ C and then to 300 ∘ C (held 14 min) at 2.5 ∘ C min -1 . Helium flow (UAP) was fixed at 0.8 mL min −1 . Data acquisition was performed in SIM (selective ion monitoring). Quantification was based on the internal standard method. The quantification method utilized five-point calibration curves (0.1, 0.5, 1, 5, and 10 g mL −1 ) with a constant internal standard concentration of 4 g mL −1 . All the calibration curves for each sterol showed high linearity ( 2 ≥ 0.995). Limit of detection (LD) of each compound was estimated by calculating the signal-to-noise ratio (S/N) for three solutions containing the target compounds at 5, 10, and 15 g mL −1 . Each solution was analyzed 10 times. LD was defined as the concentration for which S/N was >3.
Multivariate Analysis.
Multivariate analysis, using StatSoft's STATISTICA, was conducted in order to identify the variables that play a significant role in the presence and mobility of sterols and stanols in this study. Principal Component Analysis (PCA) and Factor Analysis (FA) [7, 13] were performed using the nutrients, sterols, and stanols concentrations, fine grain, and organic matter content data. All data were normalized before multivariate analysis [7, 8] .
Results and Discussion
3.1. Direction, Velocity, and Flow Rate: X'Buya-Ha Spring. The in situ measurement of X'Buya-Ha's flow rate for both seasons can be observed in Table 1 .
For Nortes season (Figure 2 ), it is indicated that the most intense flows show north and west directions. component showed less intensity in the upward direction. The flow generated by these intensities can be summarized by flow rates from 0.59 to 1.63 m 3 s −1 . In dry season, flow rates ( Figure 3 ) were lesser than Nortes season. Directionally, the component dominates with negative values, which indicates that the flow direction in dry season is towards the west. component's intensity was low. Also, X'Buya-Ha's flow rate in dry season showed values from 0.24 to 0.78 m 3 s −1 . SGD flux variation highly depends on tide level [34] that could generate depth changes (±60 cm). The vertical movement produced by the tide changes the flux patterns of the SGD in a tide cycle [35] . Then, in high tide conditions, the marine water column blocks or diminishes SGD.
The measured flow rates in both campaigns are shown in Table 2 and they were comparable with those previously described [36] . They are principally determined by variation in precipitation between seasons, with greater intensities in Nortes season than in dry season.
Nutrients in Sediments.
The proportions of total carbon, nitrogen, phosphorous, organic matter, and carbonates (TC, TN, TP, OM, CO 3 = , respectively) in Nortes season campaign ( Table 2 ). The lowest values were observed for the TP, followed by TN. OM was present in high concentrations and probably as product of the decomposition of vegetal material (mainly marine grasses) that fully covers the area [5] . These grasses were likely torn apart from the adjacent substratum by the strong waves generated by Nortes winds associated with entering cold fronts [37] . The proportion of CO 3 = was high as expected from the carbonated soils that predominate in YP's marine zones [38] .
The data from dry season showed significant differences ( < 0.05) with respect to the Nortes season data. TN was lower in dry season. TC, OM, and TP followed the same pattern during both campaigns. On the other hand, CO 3 = increased from 36% (median in Nortes season) to 54% (median dry season), as result of a reduction in the input of organic material. This reduction was also reflected in the water emerging from X'Buya-Ha in the dry season [36] . This pattern showed that nutrient contributions were proportional to the velocity of submerged discharge [26] . Therefore, if nutrients input was related to the submerged discharge, then it could be feasible that the same situation exists for sterols and stanols.
Sterols and Stanols

Nortes Season (February 2012).
Eleven sterols and stanols were detected and quantified in the sediment samples of the Nortes season (Table 2) . Their spatial distribution around X'Buya-Ha was represented in Figure 4 .
CH and SI were present in all of the sampling stations (12 stations). These compounds are commonly associated with the occurrence of marine organic matter [16] , although SI also could be related to terrestrial organic matter and more specifically to higher plants [39, 40] according to its stereoisomeric configuration.
However, the presence of ST in most of the samples sites (i.e., [11] ) and CA and STL can confirm a terrestrial input from higher plants. By contrast, in some station (e.g., [8] ), DI was detected. In that case, a marine organic matter input should be preferred as source assignment [16, 24, 39] . CO and EP were present in at least five sampling stations. CO represents about 60% of the total sterol/stanol content in human feces [12] , and it shows the presence of fecal contamination of human origin related to wastewater discharge [25, [41] [42] [43] . CO and EP showed concentrations of up to 96.06 and 96.13 g g −1 , respectively (Table 2) . These values are similar to those reported in the Great Lake, Canada, indicating fecal material in a zone [44] . In the present study, the occurrence of these two compounds suggests the input of fecal material from higher mammals in the area surrounding the X'Buya-Ha spring, where no anthropogenic activities take place. Furthermore, as this area is classified as protected karstic area with no anthropogenic activities and thus no punctual sewage inputs, the only potential source of fecal material in this coastal zone might come from submerged groundwater discharges. Therefore, anthropogenic materials would be transported from far inland to the coastal area by groundwater due to the properties of this karstic environment [5, 7] and consequently lead to a release of this fecal material to the coastal area through submarine spring X'Buya-Ha.
Factor analysis (Table 3) for Nortes season results in formation of three factors explaining 82% of the variability in the data. The most contributive variables of factor 1 were STL, TC, TN, OM, and inversely CO 3 = . The association of STL with nutrients and organic material in sediments could indicate that nutrients in sediments came from vegetal material, although this needs to be investigated further since CA and ST are not present in this factor [24] . CO 3 = were inverse in the first factor because they play the role of diluent in the sediments [33] . The high significance of the variable could be result of the high CO 3 = abundance in the area [38, 45] . The significant variables for the second factor were CH, CHL, CA, SI, and SIL. CH is considered as a marine organic matter marker; CA, SIL, and SI are commonly used as markers of higher plants. The occurrence of CH and SI can indicate a mix origin of marine and terrestrial organic matter. The main significant variables for factor 3 were CO and EP, compounds usually associated with anthropogenic fecal matter input [12, 25] .
Principal Component Analysis (Figures 5(a) and 5(b)) was performed using all data collected in Nortes season. The first two factors of the PCA explained 62% of the total variance. The plot showed and results in the formation of 3 groups: one of them (circled in red) shows organic and fecal material presence (CO and EP are coinciding in the same plot as red circle sites; see Figure 5(a) ). This group is integrated by all of the samples taken 5 m away from the X'Buya-Ha spring; also, two samples collected at 1 m from the spring and one sample collected 3 m from the spring belong in this group. This pattern indicates that the preferential deposition of suspended material could primarily occur at 5 m away from the spring. Nortes season leads to a higher flow of the spring than in dry season; thus suspended materials could more easily transport from a wide distance. However, this pattern could also be explained by variations in the sedimentation process due to flow rate in the spring [46] , for example, at low flow rate, as during flood tide particles settle down at a preferred distance of 1 m [35] .
For the other sites, it seems that the fecal matter input is lower than the nutrient input, although there is not enough evidence to support this and further research needs to be done in this regard.
Dry Season (May 2013).
As in Nortes season, in dry season, CH, SI, and ST were also present at all sampling stations ( Figure 6 ). CO and EP were found in most of the sampling stations; this could be the result of a decrease of the flow during this season, leading to less transport of suspended material [47] . Therefore, sites with no fecal material content in high flow conditions (near the spring exit) show fecal material presence under low flow conditions. DI was present in fewer sites in dry season than in Nortes season. This might indicate a lower organic matter input from plankton and dinoflagellates [10, 24] in this season. Lower plankton abundance during this season has been reported previously [5] .
Factor analysis ( Table 4 ) explained 91% of the variability of the dry season by three factors. Factor 1 characterized by CO, EP, CH, CHL, ST, STL, and SI suggests not only the presence of allochthonous and marine organic matter but also the possible presence of fecal matter from human and/or animal origin (e.g., CO). It is noteworthy that this factor did not present a direct relation with sediments. It may be a reflection of the complete integration of these compounds in the sedimentary matrix due to a recent introduction or a recent settling down into the sediments.
For the second factor, OM and FG are inversely correlated with carbonates. This observation shows the role of carbonates as diluents of elements and compounds in sediments [33] . Factor 3 consisted of TC and TN concentration, which indicates that there may be allochthonous contributions of N and C to the system from the aquifer; however, for these nutrients, autochthonous contributions prevail.
The PCA for dry season (Figures 7(a) and 7(b) ) showed a group (circled in red) composed of all the samples collected at a distance of 1 m and 3 m. This cluster suggests that the flow decreases from the X'Buya-Ha spring, resulting in the settling down of suspended material at the shortest distance from the source. This was previously observed, specifically presence of higher concentrations of coprostanol at relative short distances from sewage outfalls [46] . The second group (circled in blue) is formed by samples collected 5 m away from the spring. This could be indicating that for dry season the transport of suspended materials in groundwater discharge is limited to 3 m away from the X'Buya-Ha spring. Sterols and stanols' fate in both sampling seasons indicates that transport or settling down of suspended material in each site could be a result of flow conditions; therefore distribution will depend on flow velocity and direction that vary between seasons.
Results showed input and distribution of CO and EP (fecal matter of human origin biomarkers) related with groundwater flux velocity and direction changes in Nortes and dry seasons. This indicates that submerged groundwater discharges are contributing to the coastal areas with allochthonous anthropogenic materials from inland activities [3, 5, 7, 8] .
Conclusions
The flow velocity of water emerging from the X'Buya-Ha spring varies significantly between Nortes season and dry season and determines the presence, concentration, and spatial distribution of material in the surrounding area.
Specifically, results showed fecal matter of anthropogenic origin input to the karstic coastal area by the studied submerged groundwater discharge. Also, input of allochthonous organic matter was detected besides the relevant contribution of marine organic matter and nutrients.
In summary, the release of fecal material into the coastal zone by submerged groundwater discharges has a significant temporal and spatial component and indicates that the influence of inland anthropogenic activities increases the risk of fecal contamination in protected coastal zones.
Thus, the nature and extent of the risk created by the pollutants present in groundwater influxes should be investigated further. Legislation should consider before establishing protection perimeters the contribution of submerged groundwater discharges, which can be a significant source of allochthonous anthropogenic fecal material in coastal zones.
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